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Abstract
Failures of connectors used in radio frequency (RF) systems cost the telecom industry, mainly cellular phone providers, billions of dollars annually.
This cost is incurred because the integrity of the connectors cannot currently
be monitored in-system and failure results in catastrophic signal loss.
The Smart Connector project aims to solve this problem by designing
a connector with the capability to sense and report its own integrity. An
integrated sensor chip has been developed that mounts on a molded interconnect device inside of a coaxial cable connector. The current prototype
system uses a direct connection to the chip to send the sensor data. However,
for the system to be feasible in the target environment it must communicate
sensor data wirelessly down the coaxial cable. The sensor chip uses a small
loop coupler to inductively couple RF energy from the center conductor of
the coaxial cable. The loop coupler is used to wirelessly receive power and
to send and receive data from the sensor chip. Because the sensor chip is
completely passive (it has no power source) the power available to transmit
data is limited.
The goal of this thesis is to develop a low power, wireless, telemetry system for the Smart Connector sensor disk. This work investigates the analysis
and design of an intra-coaxial cable reflected power communication system

vi

for use in the Smart Connector system. Theoretical analysis and experimentation proved the plausibility of using an intra-coaxial reflected power
communication method for the telemetry system. Design guidelines were
derived through the theoretical analysis which highlight many trade-offs and
requirements for use in a final Smart Connector system. A simulation model
of the communication link, which closely matches results from the theoretical model, was developed using the Cadence tool set. Finally, a complete
prototype system capable of sending and receiving data packets via intracoaxial cable reflected power communication was implemented.
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Chapter 1
Introduction
1.1

Motivation

Coaxial cable connectors used with RF (Radio Frequency) signals are specially designed to maintain electrical shielding and the characteristic impedance
of the coaxial system. Millions of these RF connectors are used by the
telecommunications industry to interconnect sections of coaxial cable on
radio and cell phone towers. Connectors that have become loose or suffer
moisture ingress eventually result in signal loss. RF connector failures continue to cost the telecommunications industry billions of dollars each year.
Currently, the only way for tower operators to detect the failure of a
connector is when catastrophic signal loss occurs. When a signal loss occurs
due to a connector failure, a technician must climb the tower to find and
replace the failed connector in possibly harsh weather conditions. The goal
of the Smart Connector project is to develop a system built into a connector
body that can predict catastrophic failures.
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A custom sensor chip that senses connector tightness, humidity, and temperature, has been developed by ADIML that mounts on a molded disk platform, which fits inside of a coaxial cable connector. A CAD rendering of
the Smart Connector disk is shown in Fig. 1.1.

(a) Smart Connector Disk

(b) Smart Connector Disk in Connector

Figure 1.1: Smart Connector Disk

The conductive semicircular ring around the top of the disk is a plate for
capacitive sensing of connector tightness [1]. The outside surface of the disk
is the ground connection of the disk. Other than the ground connection, the
disk is electrically separated from the center conductor of the coaxial cable.
The disk must be insulated from the center conductor to protect against
lightning strikes. Also, the disk is insulated from the center conductor of
the coaxial cable in order to maintain as transparent to normal operation
as possible. Since the disk is insulated from the center conductor of the
cable, data and power must be received wirelessly by the disk. A square
loop coupler is defined on one of the fins of the smart connector disk that
inductively couples with the magnetic field of an RF signal along the coaxial
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cable. Fig . 1.2 shows a model of the loop coupler and coaxial cable system.

Figure 1.2: Square Loop Coupler and Coaxial Cable System

The square loop coupler has a very small coupling coefficient with the
coaxial conductor which results in a small amount of energy available to
power the smart connector chip. Transmitting data back to a basestation is
difficult because of the low power budget available to the chip. Because of
this, a low power, passive, modulation method is desired that can transmit
data without actively producing an RF carrier.
A high level block diagram of the Smart Connector system is shown in
Figure 1.3.
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Figure 1.3: High level block diagram of the Smart Connector system

1.2

Thesis Goals

An integrated circuit sensor system has been designed to mount on a Molded
Interconnect Device (MID) that fits inside of a custom DIN-716 RF connector. The goal of this thesis is to explore the use of reflected power modulation for communication from a loop coupler on this MID to a receiver at an
end of the coaxial cable.
A theoretical model of the physical connection between the loop coupler
and the coaxial cable was derived using transmission line theory. This theoretical model was used as the basis for further analysis of the communication
system including the method of modulation, power efficiency, data-rate, and
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bit error rate.
In addition, the influence of the communication system on Passive Intermodulation (PIM) distortion as experienced by the mainline signal was
studied. Equations demonstrating the trade offs between modulation power,
data-rate, and PIM distortion were derived. Several methods for mitigating
the effects of the telemetry system on PIM distortion were identified and
discussed as areas for future work.
The theoretical model was used to create a simulation model of the endto-end communication link using the Cadence toolset. A complete prototype radio system capable of sending and receiving data packets was also
designed to demonstrate the system and to verify the theoretical and simulation results.
This thesis is organized as follows: Chapter 2 provides a review of other
similar low power communication systems. It also covers some hardware
options available for physical prototyping. Chapter 3 develops the analytical model which describes the interaction between the loop-coupler and the
coaxial cable center conductor. It provides the primary equation used to
find the reflected signal as well as a few of the necessary physical values of
the system. Chapter 4 uses the analytical model developed in Chapter 3 to
develop a few design guidelines to balance trade-offs between power efficiency, data rate and bit error rate. Chapter 5 introduces the subject of Passive Intermodulation (PIM) Distortion in more detail and analyzes how the
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telemetry system as developed by Chapters 3 and 4 will contribute to harmful interference of the mainline signal. Chapter 6 uses the analytical model
developed in Chapter 3 to develop a simulation model of the reflected power
communication system. Chapter 7 describes the design of the physical prototype system. It includes design considerations and measurements of the
proof-of-concept system. Chapter 8 discusses the conclusions of this work
as well as suggested future areas of research to further refine the telemetry
system.
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Chapter 2
Related Work
The communication system developed in this thesis, and the application
of it, is unique. Although various aspects of the system might be unique
there are still similarities to previous work. The primary requirements of
the communication system are: 1) low power, and 2) must share the antenna
(loop-coupler) with power harvester. This chapter will cover a review of
several other low power communication systems.

2.1

Low Power Wireless Communication

With devices like cell phones and a myriad of small wireless sensors, low
power wireless communication is a desirable feature. There has been plenty
of research on low power wireless transmitter systems for various applications [2], [3],[4]. These systems still require more power (around hundreds
of microamps) than is desirable for the Smart Connector system.
Another problem with these styles of systems is that they have any one
of three requirements: there must be a separate transmit and receive antenna, there is one antenna that is switched between transmit and receive, or
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in order to use the same antenna simultaneously for receive and transmit a
complicated duplexer must be used. Switching a single antenna is not possible for this system because the antenna is used to harvest power and enough
energy would not be able to stored to transmit a signal actively. Having two
antennas on the Smart Connector disk is also not currently a feasible option
due to physical limitations. In order to get around these barriers imposed
by active transmission, a passive transmitter system using reflected power
communication was used.

2.2

Reflected Power Communication

Methods of communicating by reflected power have been in use for decades
[5] in communication and RADAR systems. Devices that communicate by
reflected power are generally referred to as passive transmitters because they
are not actively generating a carrier signal. There are two different techniques commonly in use for passive transmitters: Load Reflectance Modulation (Load Shift Keying, LSK), and Backscatter modulation [6].
Load Shift Keying is used in inductively coupled systems where the interface can be modeled as a simple transformer system. In an LSK system,
the transmitter modulates the load on the secondary coil of a transformer;
this load is reflected on the primary side of the transformer and is detected as
a change in current or voltage across the transformer primary. Backscatter
modulation works by a transmitter changing its effective radar cross section which scatters some of the RF energy back to the receiver. Backscatter
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modulation typically refers to far field RF systems.
All reflected power communication systems operate on the principal that
if the remote device modulates its loading or matching properties then the
basestation transmitter can detect the reflected power induced by the modulation. How the remote device modifies its matching properties depends on
the type of modulation desired. ASK (Amplitude Shift Keying) is usually
achieved by modifying the real part of the load impedance on an antenna,
PSK (Phase Shift Keying) is usually achieved by modifying the imaginary
part of the load impedance [6]. The extreme cases of ASK are when the
remote antenna’s terminals are shorted or opened; this ideally results in
maximum absorption or reflection from the antenna. Reactive modulation,
resulting in PSK, is preferred for power efficiency because the PSK signal
maintains a constant envelope for a power harvesting rectifier [7], [8].

2.3

Biological Implant Systems

Many RFID and biological implant systems have similar requirements and
operate on the same principle as the Smart Connector system. These systems are typically passive systems that must wirelessly receive power and
must have a low power transmitter. Many bio-implant systems can be short
range so an inductively coupled system with LSK data transmission is used.
Ghovanloo and Bawa [9] developed a passive telemetry IC for a biological implant systems that receives power from a magnetically coupled coil
and transmits data via an LSK modulator. Their design utilizes a dual-mode

10

LSK transmitter which changes between open-circuit and short-circuit to
maximize the effective modulation depth.
Sonkusale et al. [10] developed another passive telemetry IC for a biological implant system. Their design implements a multi-level LSK transmitter to increase data rate over a single bit per level transmitter. High data
rates are not a concern for the Smart Connector system.
In [11] a wireless interface for inductively coupled systems including
power reception and bidirectional data communication is discussed. This
system used a standard analog FM transmitter; the downside is this required
too many external components, and the antenna is not able to receive power
while the transmitting unless a complicated antenna duplexer is used.

2.4

RFID Systems

UHF and Microwave RFID systems operate on the backscatter communication technique, where a tag modulates its own radar cross section, which
modulates the power that is reflected, or back-scattered, to the reader. Much
work has been done to optimize the trade-off with communication and power
efficiency [7], [12].
There is currently a standard for commercial UHF (860 MHz - 960 MHz)
RFID tags to conform: [13]. The standard specifies various requirements for
both tag and reader interfacing, such as transmit power, modulation type,
modulation depth etc.. Although the Smart Connector system will not necessarily conform to the UHF RFID spec, the standard does provide insight
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in to effective techniques for backscatter radio systems.

2.5

USRP and GNU Radio

The Universal Software Radio Peripheral [14] is an open source hardware
platform for radio design and prototyping. The USRP motherboard interfaces to RF daughterboards with two 100 MS/s 14 bit ADC’s and two 400
MS/s 16 bit DAC’s and to a PC with digital up/downconverters and a Gigabit Ethernet interface. The daughterboards provide an RF front end and
frequency translation for the motherboard.
The GNU Radio project [15] is an open source signal processing library
designed for use with the USRP system; it provides waveform specific signal processing such as modulation and demodulation. The philosophy of the
USRP system is that high speed signal processing such as downconversion
should be performed in hardware on the FPGA and lower speed waveform
specific processing should be performed by the PC.
A few similar applications have been identified that provided insight on
how to design the Smart Connector telemetry system. The next chapter will
cover the derivation of the mathematical and physical model of the interface
between the loop-coupler and the coaxial cable. The similarities between
the smart connector system and the previously systems, such as biological
implants or RFID tags, will be more apparent as the analyses of the system
is developed.
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Chapter 3
Physical Communication Link
This chapter describes the interaction between the loop-coupler and the
coaxial cable and will develop a mathematical model for it. First some
elements of transmission line theory will be reviewed which will build the
foundation for the theoretical analysis. The interface will then be modeled
in terms of two coupled transmission lines.
The smart connector disk interacts with the coaxial line through a small
loop-coupler that is oriented azimuthally to the center conductor of the coaxial line. The primary physical mechanism of this interaction is inductive
coupling through the flux lines of the magnetic field of the coaxial cable
conductor intersecting the area of the loop-coupler. The interaction between
the loop-coupler and coaxial center conductor effectively form a pair of coupled transmission lines. This interface serves as the means to transfer power
to the device as well as the communication link. There are basically two
types of reflected power communication methods: Load-Shift-Keying and
Backscatter. The nature of this particular system results in a sort of hybrid
of LSK and backscatter. The inductive link gives the system some properties of LSK systems, while the traveling wave of the coaxial cable gives it
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some properties of a backscatter system.
The reverse link is analyzed in terms of transmission line parameters.
The concept behind the reverse link can be described as follows: A load
on the loop coupler represents a load on the secondary coil which is reflected back to the primary coil, this load reflection modifies characteristic
impedance of the transmission line over this length. A deviation from the
characteristic impedance will result in a reflection at that point. The reverse
wave induced by this mismatch is what will be modulated in order to transmit information to the base-station.

3.1

Physical Parameters

Figure 3.1 shows a relative drawing of the loop coupler and coaxial cable
system with the important dimensions annotated. Current in the coaxial cable creates a magnetic field circling the center conductor according to the
right-hand-rule. This magnetic field is intersected by the area of the loop
coupler which causes a current to be induced in the coupler. The inductive
coupling is described with the self and mutual inductances of the loop coupler and the coaxial cable. The self inductances of the square loop coupler
and the coaxial cable are given by equations (3.1) and (3.2) respectively.

 

µ0 2l
2l
LLoop ≈
sinh−1
− 1.25
(3.1)
π
2w
 
µ0 l
A
Lcoax =
ln
(3.2)
2π
a
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Figure 3.1: Square loop coupler and coaxial Cable system

An expression for the mutual inductance between the loop-coupler and
the coaxial cables center conductor can be found by looking at the magnetic
field produced by a current in the center conductor and the magnetic flux
through the area of the loop coupler. The magnetic field around the center
conductor is found by equation (3.3), which is the standard equation for
current in a long straight conductor.
B=

µ0 i
2πr

(3.3)

The magnetic flux through the area of loop-coupler is given by equations
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(3.4) and 3.5.
Z

~ · dA
~
B

(3.4)

µ0 i
µ0 il  c 
ldr =
ln
2πr
2π
b

(3.5)

ΦB =
Z
ΦB =
b

c

Equations 3.6 and 3.7 show the definitions for mutual inductance and electromotive force, respectively.
ε = −M
ε=−

di
dt

dΦ
dt

(3.6)
(3.7)

Substituting 3.5 in to 3.7 results in:
ε=

µ0 l  c  di
dΦB
=
ln
dt
2π
b dt

and substituting the result of (3.8) in to (3.6) produces:


µ0 l  c  µ0 l
l
M=
ln
=
ln 1 +
2π
b
2π
r

(3.8)

(3.9)

Table 3.1 gives the values of the annotated dimensions from figure 3.1.
Applying these values to equations (3.1), (3.2), and (3.9) results the following values for Lloop , Lcoax , and M given in table 3.2.
Table 3.1: Dimensions of Square loop and coaxial cable system
Parameter Dimension (mm)
l
3.0
2w
0.3048
r
5.58
a
4.8
A
11.5
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Table 3.2: Inductances for the loop-coupler and coaxial cable interface
Parameter Inductance (nH)
Lloop
5.814
Lcoax
0.524
M
0.250

3.2

Coupled Transmission Lines

The goal of this analysis is to derive an expression for the effective impedance
of the section of coaxial cable consisting of where the loop coupler is inserted to where the cable is terminated in a load. Finding an expression that
expresses the section of coaxial cable as a single impedance will allow basic transmission line theory to be used to find the reflections in the coaxial
cable. Figure 3.2 represents the coaxial cable and loop-coupler system as
two coupled transmission lines with voltage and current ports labeled.
The coaxial cable center conductor and loop coupler can be considered
as a pair of coupled transmission lines. The equations governing coupled
transmission lines are given as follows [16], [17]:
∂V1
= −jωL01 I1 − jωLm I2
∂z
∂V2
= −jωLm I1 − jωL02 I2
∂z

(3.10)
(3.11)

and,
∂I1
= −jωC01 V1 − jωCm V2
∂z
∂I2
= −jωCm V1 − jωC02 V2
∂z

(3.12)
(3.13)
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Figure 3.2: Coupled Transmission Line Diagram

where L1 and L2 are the distributed self inductance of each transmission
line, C1 and C2 are the distributed self capacitances of each transmission
line, and Lm and Cm are the mutual distributed inductance and capacitance
between the two transmission lines.
Finding an expression for the impedance of the coaxial line starting at
the loop-coupler is equivalent to finding V1 (0)/I1 (0) as annotated in figure
3.2. Multiplying the above equations by −l = ∆z, where −l is the length
of the loop coupler, yields the following:

−

∂V1
∆z = V1 (0) − V1 (l) = jωL1 I1 (0) + jωM I2 (0)
∂z

(3.14)
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−

∂V2
∆z = V2 (0) − V2 (l) = jωM I1 (0) + jωL2 I2 (0)
∂z
∂I1
−
∆z = I1 (0) − I1 (l) = jωC1 V1 (0)
∂z
∂I2
−
∆z = I2 (0) − I2 (l) = 0
∂z

(3.15)
(3.16)
(3.17)

The last two equations assume that Cm and C2 are approximately equal to
zero. The mutual capacitance, Cm , between the loop coupler and coaxial cable conductor is assumed to be close to zero since there is negligible surface
on the edge of the loop coupler facing the center conductor. The capacitance between the loop coupler and coaxial cable shield, C2 , is assumed to
be close to zero for the same reason.
The following conditions are also assumed:
V2 (0) = −
V2 (l) =

ZL
I2 (0)
2

ZL
I2 (l) = V2 (0)
2

V1 (l) = Z0 I1 (l)

(3.18)
(3.19)
(3.20)

Equations (3.18) and (3.19) take advantage of the assumption that Cm and
C2 are insignificant and therefore no significant voltage is developed across
the length of the loop coupler. Equation (3.20) simply assumes that after the
loop coupler the coaxial transmission line is terminated in its characteristic
impedance.
Then, by dividing these equations by I0 (l), the 7 linear equations, (3.14)
through (3.20), can be simultaneously solved to find an expression for the
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effective impedance at the edge of the coupler:
V1 (0)
= Zef f =
I1 (0)

jωL1 −

2

(jωM )
ZL +jωL2

+ Z0

1 + Z0 jωC1

(3.21)

Equation (3.21) provides an expression to model the loop coupler and
coaxial cable interface as a single terminating impedance. Figure 3.3 shows
the loop coupler and coaxial cable system in three different representations.
The value Zef f shown in the middle of the figure is what equation (3.21) defines. This representation facilitates computing the reflections in the coaxial
cable transmission line as will be seen in the next chapter.

ss
Figure 3.3: Representations of the loop-coupler and coaxial cable system
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Chapter 4
Analysis of Communication Link
This chapter covers the analysis of various aspects of the communication
link. The mechanism and method of modulation will first be discussed, followed by an analysis of the power efficiency of the system, then the Error
rate, and finally some experimental results. Analytical expressions are derived to serve as design criteria for designing a functional telemetry system.

4.1

Modulation

As seen in the previous chapter by equation (3.21), the load ZL attached to
the loop coupler can effect a change in the characteristic impedance, and
thus effective load termination of the coaxial cable. In order to form an adequate communication link the best way to modify the ZL parameter such
that it effects a significant change in the reflected energy needs to be identified.
Reflected power communication systems, such as biological implant and
RFID, use Load Shift Keying or backscatter communication links, which
employ either Amplitude Shift Keying (ASK) or Phase Shift Keying (PSK).
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For such systems, PSK is generally preferred because it results in a constant
envelope carrier signal being received through the antenna/coupler [7]. This
corresponds to continuous power rectification so that there is no decrease
in the power available to the device while it is transmitting. PSK systems
can also be shown to have a better Bit Error Rate rate than comparable ASK
systems.
For UHF RFID systems using backscatter communication, PSK modulation is generally achieved by modulating only the imaginary part of the
reflection coefficient of the antenna. ASK modulation on the other hand
is usually accomplished by modulating the real part of the load on some
antenna.
The problem with implementing PSK modulation is that it simultaneously requires not only noticeable change in the phase of the reflected power
wave (ideally 180 degrees) but also an insignificant change in the magnitude
of the reflected power wave, and thus an insignificant change in the power
received by the loop coupler. This is difficult to achieve, as will be shown,
because the same capacitance that will change the phase of the signal also
effects the tuning of the coupler and thus the power received by it.
By knowing the value of the effective termination of the coaxial cable
transmission line, given by equation (3.21), the magnitude of the reflected
signal can be found using basic transmission line theory [18].

ρ=

I−
ZL − Z0
V−
=− =
V+
I+
ZL + Z0

(4.1)
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V− = ρ V+

(4.2)

< P− >= |ρ|2 < P+ >

(4.3)

The reflection coefficient, ρ, can be expressed in terms of the forward and
reverse voltage (V+ , V− ) or current (I+ , I− ) wave or in terms of the load
mismatch as in equation (4.1). For this system, the ZL term in (4.1) is
actually Zef f as given by equation (3.21) and shown in figure 4.1.

Figure 4.1: Loop coupler RC load

Figure 4.2: Loop coupler RC load

23

For all of the following analysis, it is assumed that a parallel RC circuit
is the load, ZL , of the loop-coupler as shown in figure 4.2. The parallel LC
circuit which is formed by this circuit creates a resonate tank circuit which is
used to tune the structure to a particular frequency. In Figure 4.3 the magnitude and angle of the reflected voltage wave, V− , are simultaneously plotted
over a range of load capacitances with a fixed 1 kΩ parallel resistance and
input power of 1 W at 850 MHz. The reflected signal peaks for the value of

Figure 4.3: Power vs. Capacitance change

the capacitance where the LC tank circuit is at resonance, Ctune =

1
ω 2 Lloop .

When the tank circuit is in tune the maximum amount of power is available
to the resistive load and the maximum amount of power is reflected.
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Figure 4.4 shows the reflected power versus a varying resistive load on
the loop coupler with the parallel capacitance at the appropriate value for
resonance with 1 W input power at 850 MHz.

Figure 4.4: Power vs. Resistance change

These graphs give an indication of the most effective means of modulating a reflected signal. Figure 4.3 shows that changing only the reactive
portion of the load would not provide an constant magnitude in the reflected
signal as is necessary for a PSK system. An ASK system can be easily
implemented by using a varactor to change the tuning capacitance. Large
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changes in the resistive load would also produce an ASK signal, but in practice it would be easier to implement a system based on a modulating a variable capacitance.

4.2

Power Efficiency

The communication link works by de-tuning the coupler, which also prevents power from being received and rectified. This obviously conflicts
with the need to power the telemetry system while attempting to transmit
data. State S1 is defined as the state when the coupler is in-tune, and S2 is
the state when the coupler is de-tuned.
Suppose the telemetry system needs a certain amount of power, Ptelem ,
to perform its necessary functions (oscillator, digital encoding, switching).
The telemetry system is modeled by a single resistor, Rtelem . In order to
keep these functions operating while the coupler is de-tuned, power will
need to be stored while the coupler is in-tune. A storage capacitor, Cs , is
charged during state S1 and discharged during state S2 . Considering the
telemetry system as an effective load resistance, it is obvious, that if the
data rate is too low, causing the system to be in state S2 for too long, the
supply voltage will then droop too low and the telemetry system will no
longer be able to function.
The minimum switching frequency can be estimated by considering the
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standard equation for a discharging capacitor (4.4).
t

VC = V0 e− τ

(4.4)

τ = Ref f Cs

(4.5)

Equation (4.8) gives an expression for the minimum switching frequency
where Vmin is the minimum operating voltage for the telemetry system and
Vrect is the output voltage of the rectifier. The minimum switching frequency
is therefore inversely proportional to the storage capacitor used, which is
subject to physical area constraints of the integrated circuit. Values for Vmin
and Ref f would need to be found experimentally or through simulation.


tmax

Vmin
= −τ ln
Vrect

(4.6)

1
2 tmax

(4.7)

−1
−1


=

Vmin
Vmin
2τ ln Vrect
2Ref f Cs ln Vrect

(4.8)

fmin =
fmin =



It is assumed that during state S1 the rectifier is capable of supplying
more than enough current to charge the storage capacitor back to the maximum voltage Vrect .
As an example, if the nominal rectifier voltage is 3.3 V, the minimum
voltage 2.6 V, and the capacitance and resistance 500 pF and 300 kΩ, respectively; the minimum data rate for continuous operation would 14 kHz.
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A 500 pF capacitor would consume roughly a quarter of the area of the
Smart Connector integrated circuit chip. A resistance of 300 kΩ was chosen to yield an average current 10 µA, a target requirement for the Smart
Connector system.

4.3

Symbol Error Rate

For simple binary signaling, the fundamental equation for error probability
is given by (4.9), where Q(x) is the Q function for standard distribution, and
SN R is the signal to noise ratio of the signal at the receiver [19].

Pe = Q

√

2 · SN R



(4.9)

The SN R is ratio of the average energy per bit εb to the noise power
spectral density.
SN R ,

εb
N0

(4.10)

As shown by equation (4.9), the probability of an error is proportional to the
square of the signal to noise ratio. Figure 4.5 shows a graph of the Bit Error
Rate versus SNR of a typical pulse amplitude modulated signal.
The radio receiver used in the prototype system, discussed in Chapter 7, was measured to have a noise floor of around

N0
2

= −54 dBm =

1.58 nW = 281.5 µV . With an input carrier signal of 20d Bm, the resulting
amplitude of the modulating square wave is 55.1 mV. This corresponds to
2

an SNR of: SN R =

(55.1 mV )
2·281.5 µV

= 5.39 = 7.3 dB. According to the graph in
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Figure 4.5: Bit Error Rate of a 2-PAM signal

figure 4.5, an SNR of 7.3dB corresponds to a BER of approximately 0.001.
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4.4

Experimental Measurements

Figure 4.6 shows a block diagram of the test system. The modulator was
implemented by placing a Hittite HMC550 RF failsafe switch in parallel
with the tuning capacitor on a rectifier test board, as shown in Figure 4.7.
A rectifier board was used because monitoring the output of the rectifier
provides a very simple and effective means of identifying when the circuit
is tuned properly. The RF switch was controlled with a 100 kHz square
wave from a function generator. When the control signal for the switch
goes high, the switch is closed and adds extra capacitance in parallel with
the tuning capacitor. When the control signal is low the switch is open, and
there is negligible capacitance added to the tuning capacitor.

Figure 4.6: Test System Block Diagram

Figure 4.8 shows the output of the spectrum analyzer from the test setup
just described with an RF input power of 25 dBm. Note that although all
previous analysis was done at 850 MHz, the frequency that this version of
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(a) Rectifier

(b) Rectifier With RF Switch Modification

Figure 4.7: Prototype Modulator

the rectifier board was tuned to was 1.365 GHz. This is because of the
selection of the tuning capacitor, and because the version of the test board
used was not designed with any hand-tuning capabilities. The output of the
spectrum analyzer shows a primary sideband power of -54.17 dBm (3.83
nW, or amplitude of 618.7 µV).
To find the actual modulation power the affects of the directional coupler must be considered. The directional coupler used to isolate the forward
and reverse waves is a Minicircuits ZABDC20-25H+ 800 to 2500 MHz directional coupler. The directional coupler has a loss of 22.28 dB from the
reverse to reverse-coupled port and an isolation of 32 dB from the forward
to reverse-coupled port. Therefore the actual reverse wave is expected to be
-31.89 dBm (647.14 nW, or 8.04 µV). An amplitude of 8.04 µV for the primary sideband corresponds to an ASK square wave amplitude of 4.47 mV,
recalling the Fourier series of a square wave and frequency mixing.
The experimental results show a modulated square wave amplitude of

31

Figure 4.8: Modulation Sidebands

4.47 mV while the theoretical analysis predicted an amplitude of around
230 mV. These experimental results verify that the backscatter communication method effects an square wave amplitude modulated signal as was
predicted by the theoretical analysis. The difference in amplitude of the
backscatter modulated signal between the experimental results and the theoretical analysis can be attributed to differences between the two caused by
constraints of building a physical test system. Some of limitations of the test
system include the nonideal method of inserting the loop coupler in to the
coaxial cable and the uncharacterized load and switch impedance connected
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to the loop coupler. The experimental system was also tested at a different
carrier frequency due to the inability to fine tune the loop coupler.

4.5

Summary

This chapter has presented an analysis of some characteristics of the communication link including the method of modulation, power efficiency, and
error rate. Through theoretical analysis and experiment it was shown that
modulating the capacitive part of the load on the loop coupler is a practical way to achieve reflected power modulation in the coaxial cable. The
equations derived in this analysis serve as part of a design methodology for
designing a complete communication system. Key aspects of the communication such as power efficiency and bit error rate will need to be balanced
with other requirements which will be discussed in the next chapter.
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Chapter 5
PIM Distortion
This chapter covers the presence of Passive Intermodulation (PIM) Distortion in high power radio and cell phone systems. A brief overview and
description of PIM distortion will be given followed by an analysis of factors in the smart connector system that influence PIM distortion. Finally,
methods for mitigating the influence of the Smart connector system on PIM
distortion will be discussed.

5.1

PIM Overview

Passive Intermodulation Distortion is a serious concern in high power radio systems such as cell phone systems [20]. PIM distortion is caused by
non-linear devices in the system, such as diodes, transistors, bi-metallic connections. In RF systems the interface between two different metals, often in
connectors, can cause PIM distortion. The non-linear interaction between
signals causes them to mix and create energy at new frequencies. Current industry standard testing for RF connectors used on cell phone towers requires
them not to generate PIM distortion at a level above -130 dBm (100 × 10−18
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W). This is an extraordinarily low level signal – devices used to test PIM
distortion must have receiver noise floors of at most -160 dBm and are constructed from handpicked parts to meet this tolerance.
The goal of the smart connector system is to be virtually invisible to
the normal operation of the cell phone tower. To this end, the Smart Connector system must take specific steps to ensure it does not cause harmful
interference, which would be seen as PIM distortion, to the signals on the
line. The presence of a plastic disk with metalized patterns placed inside
the connector surely degrades the connector’s PIM distortion performance.
This following sections of this chapter discuss how aspects telemetry system may be designed to help the Smart Connector, as a whole, contribute as
little interference to the mainline signals as possible.

5.2

Influence of Telemetry system on PIM Distortion

Figure 5.1 shows the allocation of data signals in the spectrum of interest.
The Smart Connector system is allowed to operate only within a test tone
slot in the spectrum. This slot is 200 kHz wide and centered at 869 MHz,
designated as f1 in figure 5.1.

Figure 5.1: Test Tone Allocation Spectrum
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Industry standard testing requires PIM distortion levels below -140 dBc
(-130 dBm = 0.1 fW). To prevent any interference with the mainline signals the harmonically related sidebands of the ASK signal would need to
be below -130 dBm when inside the mainline bands. This requires both a
small sideband deviation (low data-rate/frequency) and low sideband power
to achieve this goal.
One way to control the interference caused by the telemetry system is
to find the maximum frequency and amplitude of the ASK signal such that
the harmonic power is not greater than a certain level outside of a desired
band of operation. Equation (5.1) shows the Fourier series summation of
square wave, where AD is the amplitude of the square pulse and fD is the
fundamental frequency.
∞

1
4X
xsquare (t) =
AD cos(2πfD (2n + 1)t)
π n=0 (2n + 1)

(5.1)

Modulating the effective impedance of the coaxial cable, as was described
in the previous chapters, can be described as a mixing operation where the
carrier signal is multiplied by a square wave. The mixing operation for
amplitude modulation is given by equation (5.2).
(AC + AD cos(2πfD t))·cos(2πfC t) = AC cos(2πfC t)+

AD
(cos(2π(fC + fD )t) + cos(2π(fC − fD ))
2
(5.2)

The carrier in this case is being multiplied by a square wave, however, so
it would contain frequency components at the fundamental and all odd harmonics.
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Assuming that the carrier frequency is centered within the designated
band of operation, equations (5.3) and (5.4) then find which order harmonic
is outside of the bandwidth given a data subcarrier frequency of fD .

fC +

BW
≤ fC + (2n + 1)fD
2


BW
1
−
≤n
4fD
2

The value n is defined as the first integer greater than


1
BW
−
d
4fD
2

(5.3)
(5.4)


BW
4fD

−

1
2



, or rather:


=n

(5.5)

If the maximum amplitude allowable outside of the band is ABW , then equation (5.6) gives the maximum amplitude of the ASK signal.
π
ABW (2n + 1)
2
π
BW
AD ≤ ABW
2
2fD

AD ≤

(5.6)
(5.7)

Figure 5.2 illustrates the relationship between the power of the carrier
signal to the maximum frequency of the data subcarrier. The graph indicates
that for a data subcarrier greater than 1 kHz the modulation power must be
less than 0.6 pW to meet -130 dBm out-of-band power.

38

ss
Figure 5.2: Max Data Subcarrier Frequency vs Input Power, -130 dBm limit, 200 kHz
bandwidth

5.3

Techniques to mitigate PIM distortion

Considering that the power contained in the harmonics of the DSB signal might exceed acceptable PIM distortion levels in the main-line signal,
other methods need to be considered in order to mitigate the influence of
the system. Using Direct-Sequence-Spread-Spectrum (DSSS) with PN coding could be used to mask the Smart Connector system as additional white
noise. Spectrum spreading is a technique which spreads the energy of a
signal over a wider bandwidth. This results in less signal energy at any one
particular frequency. PN coding is a method of encoding data so that it has a
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spectrum similar to a random sequence of bits. Employing a DSSS method
could simultaneously reduce the data subcarrier rate as well as encode the
data pattern to appear like pseudo-random noise.
Other methods would require explicit cooperation with the operator of
the tower. If the primary tower operator determined that above normal levels
of interference were acceptable for certain durations at certain times of the
day then the Smart Connector system could simply be activated during only
that time slot.
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Chapter 6
Cadence Simulation Model
A simulation model for the loop coupler interface was developed using Cadence design tools in order to facilitate easier testing of the communication
system. The goal of the simulation model is to represent the model of the
coupler interface, as given by equation (3.21), as accurately as possible and
in a way that is convenient to use. In addition to just the coupler model, a
complete link model that represents the end to end communication system
was implemented.

6.1

Loop-coupler Model

In order for the model to be useful, the value of ZL must be isolated from
the equation such that it can be modified during a transient simulation. This
will allow the model to be controlled by a signal source in order to encode
data. However, the equation for the effective load impedance given by (3.21)
does not directly map to a recognizable circuit topology with the load, ZL ,
isolated as a port. Two different models were developed that deal with this
issue differently.
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6.1.1

Laplace Domain Verilog-A Model

If the topology of the load, ZL , is predetermined – for example, as a parallel
RC circuit ZL =

1
1
RL +jωCL

– then the equation for Zef f can be written as an

s-domain impedance and implemented using Verilog-A. Equation 6.1 shows
the s-domain representation of Zef f with an assumed parallel RC load for
L.

The complete Verilog-A model for the loop coupler model is listed in

Appendix A.


s3 L1 L2 CL RL − M 2 CL RL + s2 L1 L2 + L2 Z0 CL RL − M 2 + s (L2 Z0 + L1 RL ) + Z0RL
Zef f (s) =
s3 (C1 L2 Z0 CL RL ) + s2 (C1 L2 Z0 + L2 CL RL ) + s (L2 + C1 Z0 RL ) + RL
(6.1)

(a) Model Parameters

(b) Model Schematic Symbol

Figure 6.1: Verilog-A model

The Verilog-A model for the load/modulator is parameterized so the user
can enter values for the capacitance and resistance for each of the two states
as well as the values corresponding to the physical parameters of the loop
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coupler. Figure 6.1 shows the user interface for modifying the parameters
of the loop-coupler model. An external control signal is used to switch
between the two different states, shown as a Vpulse source in Figure 6.1.
6.1.2

Lumped Circuit Model Approximation

Equation (3.21) can be rewritten as
Zef f =

jωLef f + Z0
1 + jωZ0 C1

(6.2)

where

Lef f = L1

jωM 2
1−
L1 (ZL + jωL2 )


(6.3)

In equation (6.2), it can be shown that by exploiting the property Z0 =
the term

Z0
1+jωZ0 C1

q

L0
C0 ,

can be recognized as a resistance, Z0 in parallel with

a capacitance C0 . This then leave the term

jωLef f
1+jωZ0 C1

to consider. From

equation (6.3), if ZL were to go to infinity, then Lef f would simplify to
equal L1 and this term would be equivalent to a resistance Z0 in parallel
with an inductance L1 . But since ZL will never go to infinity for any useful
q
L0
case, the property of Z0 =
C0 cannot be directly exploited to extract a
parallel RL circuit.
However, it has already been established that the coupling factor is small
and that the influence on the characteristic impedance of the transmission
line is also small. As an approximation this term might be considered as a
resistance Z0 in parallel with a transformer circuit consisting of L1 coupled
with L2 with ZL as a load. The final approximate circuit is shown in Figure
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6.2.

ss
Figure 6.2: Approximate Lumped Circuit Model for Ze f f

6.1.3

Simulation Model Results

Figure 6.3 shows the magnitude of the effective impedance and S11 parameter (equivalent to the reflection coefficient) from both the simulation models.
Each model was simulated using an identical parallel RC circuit load for ZL .
The top trace shows the effective impedance, Z11, of the Verilog-A model
in red, and the lumped circuit model in orange. The bottom trace shows the
reflection coefficient of the Verilog-A model in purple and the lumped circuit model in blue. As shown by the plots of Z11 and S11, there is almost no
discernable difference between the response of the Verilog-A model and the
lumped circuit model. Figures 6.4 and 6.5 show the corresponding Matlab
plots calculated from the theoretical equations derived in Chapter 3. These
theoretical results match closely with both of the simulation models.
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ss
Figure 6.3: Verilog Model, Effective Impedance (top) and Reflection coefficient (bottom)

ss
Figure 6.4: Matlab Calculation, Effective Impedance
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ss
Figure 6.5: Matlab Calculation, Reflection Coeffecient (S11)

Two simulation models for the coupler interface have been developed,
each with its own advantages. The Verilog-A model is more accurate, and
thus better for ideal simulations where the load on the coupler can be assumed to be a simple RC circuit. The lumped circuit on the other hand,
while slightly less accurate, is more robust because any arbitrary load can
be attached to it - such as a complete rectifier circuit.

6.2

Complete Link Model

Figure 6.6 shows the top level schematic diagram for the simulation model
of the complete smart connector telemetry system.

Figure 6.6: Cadence Simulation Top Level Schematic
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The simulation model consists of a few main blocks: the transmitter
source, transmission line, coupler model/modulator, directional coupler, and
demodulator. The transmitter source, which provides the power and carrier
signal to the Smart Connector disk, is represented by a sinusoidal voltage
source. The transmission line, ”tline”, element represents the coaxial cable
of the system. The loop coupler is implemented using the Verilog-A model
that was described in the previous section. The directional coupler block,
shown enlarged in figure 6.7, consists of a few subtractors, adders, and attenuators which implement both the ideal and non-ideal characteristics of a
directional coupler. The subtractor simulates the ideal directional coupler

Figure 6.7: Directional Coupler Block

function by subtracting a copy of the transmitter signal from the actual signal present at the output of the transmitter. The output of the subtractor is
attenuated to simulate the coupling factor. This reverse coupled signal is
then added to the attenuated output from the transmitter copy which represents the forward isolation of a real directional coupler. The demodulator
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for the ASK signal is simply a mixer, which mixes the reflected wave, OutCplRvs in Figure 6.7, with a copy of the transmitter source to downconvert
the signal back to baseband, this signal is then filtered and thresholded.
Figure 6.8 shows, in the top trace, the reflected voltage wave induced
by varying the capacitance of the model between two states. The reflected
voltage wave shows a change between 108.3 mV and 6.8 mV for in-tune and
out-of-tune states, respectively, for a load resistance of 1 kΩ and a 30 dBm
input power level. The bottom trace shows the output of the directional
coupler block. The magnitude of this simulated reflected voltage wave is
close to the value calculated with the theoretical equations in Matlab.

ss
Figure 6.8: Reflected Voltage Signal

Figure 6.9 shows a plot of the magnitude of the reflected wave over varying input power from both the Cadence simulation and Matlab calculations.
The Cadence simulation and Matlab results are not exactly equal; there is a
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consistent offset error resulting in a 15% error difference.

ss
Figure 6.9: Reflected Voltage Vs. Input Power, comparison between Matlab and Cadence
Simulation

Figure 6.10 shows the primary sidebands as presented to the receiver
of the simulation model. The sideband level shown equates to -43.9 dBm,
which is approximately 10 times higher than the sideband power of -54.17
dBm which was measured in the test system in chapter 4. Although this is
not a very close match, it is in relatively the same range. There are many
factors which were not tightly controlled in the test system which would
influence the received power of the modulating signal, so it is not surprising
that the results are not a close match. For example in the test system, the
load on the coupler is tuning capacitor in parallel with a rectifier circuit, the
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effective impedance of which is unknown.

ss
Figure 6.10: Sidebands from Reverse coupled wave from simulation model

6.3

Summary

This chapter has presented the design and analysis of a compact simulation
model to aid in the design of an intra-coaxial cable communication link. The
simulation model was shown to have similar results to the theoretical model
presented in chapter 3. Two different simulation models of the loop-coupler
interface were developed, each with different advantages and disadvantages.
Knowing the limitations and strengths of the simulation models will guide
the system designer in selecting which model to use to test the various requirements of the communication system.
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Chapter 7
Prototype System
A prototype system, consisting mostly of off the shelf components, was
designed to demonstrate the feasibility of the reflected power telemetry system. The prototype system implemented a completer backscatter transmitter
and receiver capable of sending and receiving digital packets. This chapter
will cover the design, implementation and testing of the prototype system.

7.1

System Architecture

The prototype system that was implemented is shown in block diagram form
in Figure 7.1.

Figure 7.1: Prototype System Block Diagram

The slotted coaxial cable and printed circuit board loop coupler are shown
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in Figure 7.2. The printed circuit board that was used contains a discrete ver-

ss
Figure 7.2: Slotted Coaxial Cable and Printed Circuit Board Loop-Coupler with Modulator

sion of a rectifier for power harvesting and an RF switch which modulates
the tuning capacitance of the circuit to act as the modulator. The carrier signal can be supplied by either the transmitter of the radio system or from an
independent signal generator. The slotted coaxial cable is connected to the
transmitter supplying the carrier signal on one end and terminated in a 50 Ω
load on the other end. A directional coupler is placed between the coaxial
cable and the transmitter so the reverse wave can be extracted and sent to a
radio receiver
The control signals of the RF switch were controlled by an FPGA, which
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was configured to encode a known data sequence. The signal from the reverse port of the directional coupler was then input to the receiver of a software defined radio. The Universal Software Radio Peripheral (USRP) was
used as the RF receiver interface for the system. The USRP system was chosen to implement the radio receiver because it offered a highly configurable
complete software radio system in an easy to use and low cost package. The
exact system used was the USRP1 with a single WBX daughterboard. The
WBX daughterboard has a frequency range of 5M Hz – 2 GHz and supports full duplex transmit and receive. The USRP, connected to a desktop
computer running GNU Radio application software, formed the complete
receiver system.
The WBX daughterboad directly receives the RF signal and mixes it with
a local oscillator frequency specified by the PC application software. The
downconverted signal is passed from the daughterboard to the USRP motherboard which digitizes the baseband signal using high speed ADCs and
then sends it to the PC using a USB interface. GNU Radio software, which
the USRP was designed to be used with, performs the baseband signal processing of the data received over the USB interface. The GNU Radio packages offers two methods of developing the signal processing blocks: python
code can be used to link together a signal processing graph, or GNU Radio Companion (GRC), which is essentially a GUI front-end for the python
code, can be used to draw block diagrams.
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Figure 7.3 shows the ASK receiver for the Smart Connector system designed with GNU Radio Companion. The received signal, represented as
the ”USRP source” in the diagram, was bandpass filtered around the data
subcarrier rate, then averaged, and finally thresholded. An automatic-gaincontrol (AGC) circuit was found to be helpful in stabilizing results from
different runs. The instability of the PCB insert prototype system results in
slight variations in the received signal from run-to-run, which can be mitigated to some extent with the AGC circuit. This issue would likely not be
present in the final Smart Connector system since the loop coupler would
be rigidly locked in place with respect to the center conductor of the coaxial
cable.
Figure 7.4 shows the received, filtered, signal from the USRP with a
1 kHz subcarrier data-rate. A distinct square wave with an encoded data
pattern can be seen in the scope plot of the received signal. The output of
the raw data from GNU Radio signal processing was saved to a file which
could then be read by Matlab. A Matlab script was then used to decode the
digital data packet generated by the GNU Radio application.

Figure 7.3: GNURadio Companion Receiver Block
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Figure 7.4: Demodulated signal from GNU Radio
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7.2

Performance

Miller encoding, a type of modulated subcarrier, was used with the prototype system. Miller encoding generates an encoded data pattern by inverting
the phase of the subcarrier between two data-0’s every M cycles. Figures
7.5 and 7.6, copied from the UHF Gen 1 class 2 specification, show a state
diagram of how Miller modulated subcarrier encoding is formed and sample
data patterns. An FPGA development board was used to generate the Miller
encoded patterns to control the RF switch on the modulator.

Figure 7.5: Miller coding diagram

Figure 7.6: Sample Miller encoding data patterns

The FPGA control system was designed to send a single predetermined
transmission sequence every time a button is pressed. For each transmission
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sequence a total of 256 8-bit data bytes were sent. The transmission was
broken in to packets each consisting of 2 bytes. Each packet consists of a
preamble sequence, the 16 data bits, and a termination sequence.
Figure 7.7 shows the data that was decoded from the signal shown in
figure 7.4. The x-axis represents the nth byte received and the y-axis represents the value of the received byte. Packets that were lost, or unable to be
decoded, are represented as zero. The output plot shows that 5 data packets

ss
Figure 7.7: Received Data from 1kHz subcarrier rate, M=2

were lost, or unable to be decoded. If it is assumed that a packet loss was
due to only a single bit error, then the Bit Error Rate of the received signal
was BER =

5
256×8

= 0.002. This result is not far off from the BER of 0.001

which was predicted in section 4.3. The decoded signal shown above was
from a signal with a 1 kHz subcarrier rate with M = 2. Similar results were
achieved using subcarrier rates of 0.5 kHz, 2 kHz and Miller rates of 4, and
8.
A packet being lost does not necessarily correspond to signal corruption,
the decoding algorithm that was implemented for this prototype system did
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not exploit any of the redundancy offered by Miller encoding or did not
use any other form of error correction. Better system performance is likely
possible with more robust data recovery and decoding algorithms.

7.3

Summary

The prototype system discussed in this chapter successfully demonstrated
the feasibility of an intra-coaxial cable reflected power communication system. A complete reflected power communication system was implemented
that was capable of sending and receiving digital data at rates well within
the expected limits of the desired system. Although the benefits of the redundancy of Miller encoding were not exploited in the prototype system it
is something that will likely be necessary in a commercial system.
The biggest limitation of the prototype system is the isolation, or lack
thereof, between the desired communication signal and the input carrier
signal. Using just a simple directional coupler before the RF receiver simultaneously requires that the forward leakage does not exceed the limits
of the receiver, and that the receiver is sensitive enough to still detect the
reflected communication signal. These requirements grow more difficult to
satisfy as the carrier power increases and the communication signal power
decreases, both of which are expected in the real Smart Connector system.
Much work has been done to solve this forward leakage problem in the areas of Frequency Modulated Continuous Wave (FMCW) Radar and RFID
readers [21], [22], [23], [24].
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Chapter 8
Conclusions and Future Work
RF connector failures are a problem that costs the telecomm industry millions of dollars annually. The goal of the Smart Connector project is to
create an RF connector with the capability to report its own physical status
in order to prevent catastrophic failures. This work has focused on the design and analysis of a reflected power communication telemetry system for
the Smart Connector system. Reflected power communication systems have
been in use for decades, mostly in wireless systems. This work is unique in
that it applies reflected power communication techniques to an intra-coaxial
cable environment.
The main contributions of this work are: the derivation of design guidelines for a reflected power communication system, the development of a
simulation model for the communication system, and a functional prototype system. The design guidelines highlight trade-offs that impact the bit
error rate, power efficiency, and interference. The simulation model will allow future designers to easily experiment with these design trade-offs using
standard circuit simulation tools. The prototype system that was designed
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used mostly off-the-shelf parts for hardware and used an open source software defined radio for the receiver. The use of a software defined radio will
allow for experimentation of different types of communication protocols.
The analysis of the communication link has identified a few aspects of
the telemetry system that future work will need to focus on in order for the
system to be practical in commercial environments. As was discussed in
the chapter on PIM distortion, more sophisticated data encoding methods
will be necessary in order to meet interference specifications. Employing
methods such as Direct Sequence Spread Spectrum and PN encoding will
not only mitigate some of the interference, but will also add redundancy to
the data which will ultimately reduce the bit error rate. In addition to data
encoding, future work will also need to focus on forward power canceling
techniques for the RF receiver.
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Appendix A
Verilog-A model for Zef f
/ / VerilogA f o r j t k l i b , couplerModel veriMod0 , v e r i l o g a
‘ i n c l u d e ” c o n s t a n t s . vams ”
‘ i n c l u d e ” d i s c i p l i n e s . vams ”
‘ d e f i n e GMIN ( $simparam ( ” gmin ” ) )
module c o u p l e r M o d e l v e r i M o d 0 ( n1 , n2 , vp , vn ) ;
i n o u t n1 , n2 ;
e l e c t r i c a l n1 ,
v o l t a g e vp , vn ;
parameter real
parameter real
parameter real
parameter real
parameter real
parameter real
parameter real
parameter real
parameter real
parameter real
real
real
real
real

n2 ;
Vthresh = 1.65;
L1 = 1 ;
C1 = 1 ;
Z0 = 1 ;
L2 = 1 ;
M = 1;
rl0 = 1;
cl0 = 1;
rl1 = 1;
cl1 = 1;

num [ 0 : 3 ] ;
denom [ 0 : 3 ] ;
num1 [ 0 : 3 ] ;
denom1 [ 0 : 3 ] ;

r e a l A1 ;

66

r e a l A2 ;
analog begin
@( i n i t i a l s t e p ) b e g i n
num [ 0 ] = Z0∗ r l 0 ;
num [ 1 ] = L2∗Z0 + L1∗ r l 0 ;
num [ 2 ] = L1∗L2 + r l 0 ∗ c l 0 ∗L2∗Z0−M∗M;
num [ 3 ] = r l 0 ∗ c l 0 ∗L1∗L2 − M∗M∗ r l 0 ∗ c l 0 ;
denom [ 0 ]
denom [ 1 ]
denom [ 2 ]
denom [ 3 ]
num1 [ 0 ]
num1 [ 1 ]
num1 [ 2 ]
num1 [ 3 ]

=
=
=
=
=
=
=
=

denom1 [ 0 ]
denom1 [ 1 ]
denom1 [ 2 ]
denom1 [ 3 ]

rl0 ;
L2 + C1∗Z0∗ r l 0 ;
r l 0 ∗ c l 0 ∗L2 + Z0∗C1∗L2 ;
Z0∗C1∗ r l 0 ∗ c l 0 ∗L2 ;
Z0∗ r l 1 ;
L2∗Z0 + L1∗ r l 1 ;
L1∗L2 + r l 1 ∗ c l 1 ∗L2∗Z0−M∗M;
r l 1 ∗ c l 1 ∗L1∗L2 − M∗M∗ r l 1 ∗ c l 1 ;
=
=
=
=

rl1 ;
L2 + C1∗Z0∗ r l 1 ;
r l 1 ∗ c l 1 ∗L2 + Z0∗C1∗L2 ;
Z0∗C1∗ r l 1 ∗ c l 1 ∗L2 ;

end
/ / The l o a d , r l and c l , i s s w i t c h e d by e s s e n t i a l l y k e e p i n g two v e r s i o n s
/ / o f t h e e n t i r e c o u p l e r and t h e n a p p l y i n g e i t h e r a g a i n o f 1 o r 0 t o
/ / each v e r s i o n with r e s p e c t to the c o n t r o l s i g n a l .
/ / T h i s i s done b e c a u s e t h e l a p l a c e n d b l o c k c a n n o t be p l a c e d w i t h i n
/ / a conditional statement
/ / V a r y i n g t h e v a l u e s o f t h e num and denom v a r i a b l e s was t r i e d a l s o ,
/ / b u t t h i s d i d n o t work f o r some r e a s o n
/ / GMIN i s u s e d i n s t e a d o f 0 , b e c a u s e 0 g a i n would r e p r e s e n t an
/ / open c i r c u i t h e r e , which makes t h e s i m u l a t o r unhappy
i f ( V( vp , vn ) <= V t h r e s h ) b e g i n
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A1 = 1 . 0 ;
A2 = ‘GMIN ;
end
e l s e begin
A1 = ‘GMIN ;
A2 = 1 . 0 ;
end
V( n1 , n2 ) <+ A1∗ l a p l a c e n d ( I ( n1 , n2 ) , num , denom ) ;
V( n1 , n2 ) <+ A2∗ l a p l a c e n d ( I ( n1 , n2 ) , num1 , denom1 ) ;
end
endmodule

